Puberty is the end-point of a complex series of developmental events, defined by the dynamic interaction between genetic factors and environmental cues, ultimately leading to the attainment of reproductive capacity. Kisspeptins, products of the KISS1 gene, were originally identified as metastasis suppressor peptides with the ability to bind G protein-coupled receptors (GPR54). In 2003, loss-of-function mutations of the GPR54 gene were found in patients with hypogonadotropic hypogonadism. This finding triggered study of the role of the kisspeptin/GPR54 system as an essential gatekeeper of control of reproduction and pubertal development. Kisspeptins are very potent elicitors of gonadotropin secretion, primarily through stimulation of gonadotropin-releasing hormone release. KISS1 also functions as an essential integrator for peripheral inputs, including gonadal steroids and nutritional signals, and for controlling GnRH and gonadotropin secretion. Whether the kisspeptin/GPR54 system is the trigger for puberty onset and/or it operates as integrator and effector of up-stream regulatory factors warrants further investigation.
Introduction
Puberty is a complex and coordinated biologic process of sexual development that lead to full activation of the gonadotropin-releasing hormone (GnRH) pulse generator, enhanced gonadotropin secretion, complete gonadal maturation and function, and attainment of reproductive capacity 1, 2) . Multiple determinants of pubertal development have been identified, which include not only genetic factors but also endogenous signals (e.g., energy status) and environmental cues 1, 3) , whose dynamic interplay is responsible for the timing of puberty onset and its eventual deviations (precocious, delayed or absent puberty). The activation of pulsatile GnRH secretion from specialized hypothalamic neurons to stimulate hormonal cascades and gonadal activation is a key event in the onset of puberty 4) . But, the ultimate mechanisms underlying the increase in pulsatile GnRH secretion at puberty are yet to be fully elucidated 5) . Accordingly, the trigger of puberty remains to be identified.
Besides central regulators, it is well known that activation of the reproductive axis at puberty is extremely sensitive to fat reserves and the metabolic status 6, 7) . This critical information is signaled to the brain mainly through peripheral hormones from the adipose, gastrointestinal tract and pancreas 8) . A critical role of leptin has been substantiated in the last few years. Thus, leptin functions as an essential permissive factor for pubertal development 6, 9) . This action of leptin upon the gonadotropic axis is primarily conducted via the hypothalamic GnRH system. GnRH neurons themselves, however, do not express leptin receptors 9) , suggesting the involvement of intermediate circuits and signals, the identity of which has yet to be completely elucidated.
Recently, kisspeptins, the peptide products of KISS1 gene, and their putative receptor, G www.e-apem.org protein-coupled receptor-54 (GPR54), have been known to play a key role in the activation of the gonadotropic axis at puberty. The aim of this review is to summarize a fundamental role of kisspeptin/GPR54 system in puberty onset.
Discovery of kisspeptin/GPR54 system: from cancer biology to reproductive function
Discovery of KISS1/GPR54 system took place in the field of cancer biology. In 1996, KISS1 mRNA was found to be overexpressed in melanoma cells with low metastatic activity; thus, KISS1 gene was originally regarded as a metastasissuppressor gene 10) . In 2001, it was reported that the peptide products of the KISS1 gene conduct their biological activities through binding to a previously orphan, G protein-coupled receptor called GPR54 [11] [12] [13] . This receptor was cloned in 1999. The KISS1 peptides were termed kisspeptins, as they derive from the differential proteolytic processing of a common precursor 11) . The major product of KISS1 appeared to be a 54-amino acid peptide called kisspeptin-54, which is mainly secreted by the placenta 12) . In addition, other peptide fragments of KISS1 precursor, such as kisspeptin-14, kisspeptin-13, and kisspeptin-10, were also identified 11) . All kisspeptins share the C-terminal region of kisspeptin-54 and all are equally potent in terms of activation of GPR54.
Even though kisspeptins and GPR54 originally attracted the attention of cancer biologists, initial expression and functional studies already suggested that this system may be provided with biological functions other than metastasis suppression. A striking finding in this sense was the widespread pattern of expression of GPR54 and, to a lesser extent, KISS1 genes in diverse normal human and rodent tissues. Thus, GPR54 gene expression appeared widely distributed, with maximal mRNA levels in placenta, pancreas, pituitary, spinal cord and different brain areas, including hypothalamus. In addition, prominent expression of the KISS1 gene was demonstrated in human placenta and, at lower levels, in the testis and small intestine. KISS1 mRNA was also detected in the human brain 12, 13) . These findings strongly suggested the potential involvement of kisspeptine/GPR54 system in the physiological control of diverse biological systems, from placenta to several brain functions.
Kisspeptins in reproduction: neuroendocrine control of reproduction
The initial finding for the reproductive dimension of the kisspeptin/GPR54 system took place in late 2003. Investigators reported that loss-of-function mutations of the GPR54 gene are found in patients with idiopathic hypogonadotropic hypogonadism 14, 15) . It was also reported that mice genetically engineered to lack the GPR54 gene were found to be a complete phenocopy of affected humans 15, 16) . Hypothalamic GnRH synthesis and neuronal migration were conserved in these models, and pituitary responsiveness to GnRH preserved. It was suggested that the observed hypogonadotropism derives from a functional defect primarily located at the level of GnRH secretion, likely due to the lack of an essential upstream regulator of GnRH release 17) . After unraveling of the reproductive dimension of kisspeptins, quite some effort was initially devoted to demonstrate whether kisspeptins were actually able to regulate gonadotropin secretion. Thus, a number of studies in laboratory animals and related species (rat, mouse, macaque and sheep) provided evidence that kisspeptin-54 and kisspeptin-10 are extraordinary potent elicitors of luteinizing hormone and follicle stimulating hormone (FSH) release, either after intracerebral or systemic (intravenous, intraperitoneal, and subcutaneous) administration of the peptides [18] [19] [20] [21] [22] . These studies demonstrated that the responses to kisspeptin in terms of luteinizing hormone (LH) and FSH release were dose dependent. Altogether, these studies demonstrated that the sensitivity of the gonadotropic system to the stimulatory effect of kisspeptin is extraordinary high 18, 22) . Likewise, it has recently been reported that intravenous administration of doses as low as 0.1 µg to adult rats, or 2 µg to juvenile monkeys, are sufficient to elicit unambiguous LH secretory bursts 23, 24) . Comparative analyses of the sensitivity and biopotency of kisspeptins and other well-known LH secretagogues indicate that kisspeptins are the most potent elicitors of the GnRH-gonadotropin axis. In agreement with data obtained in experimental animals, it was demonstrated that peripheral administration of kisspeptin-54 is able to stimulate LH secretion in humans 25) . Concerning the primary sites of action of kisspeptins on the reproductive axis, it is indicated that their gonadotropinreleasing effects come from the ability to activate GnRH release at the hypothalamus. More than 75% of GnRH neurons in the rat hypothalamus coexpress GPR54 mRNA 26) , and central administration of kisspeptin induced c-fos expression (as early marker of activation) in more than 85% of GnRH neurons 26) . Moreover, kisspeptin elicited GnRH secretion by rat hypothalamic explants ex vivo 21, 27) , and induced the release of GnRH in vivo in sheep 17) . Taken together, these data it is strongly suggested that kisspeptins directly activate hypothalamic GnRH neurons, causing stimulation of GnRH secretion, which in turn elicits LH and FSH release from the pituitary.
Their ability to stimulate GnRH neurons is now indisputable, but the possibility of direct pituitary effects of kisspeptins in the control of gonadotropin secretion remains controversial. Of note, prominent expression of the GPR54 gene was initially reported in the human pituitary, but the functional role of KISS1 signaling at this site remains unclear. Functional studies reported to date, assessing direct stimulatory actions of kisspeptins on gonadotropin secretion at the pituitary, have demonstrated either no effects or moderate stimulatory actions of kisspeptins upon LH secretion in vitro 19, 21, 22) . Nonetheless, whether GPR54 signaling at the pituitary may play a physiological role in the modulation of gonadotropin secretion, or in additional endocrine or nonendocrine functions, cannot be ruled out and www.e-apem.org requires further study.
Kisspeptins and puberty onset
As stated in previous sections, the indispensable role of the kisspeptin/GPR54 system in the control of puberty was disclosed by the initial findings of sexual immaturity in humans and mice carrying inactivating mutations of the GPR54 gene [14] [15] [16] . Upon these seminal observations, analyses of KISS1 and GPR54 mRNA levels at the hypothalamus were conducted to ascertain potential developmental changes in the expression of those genes. In the rat, male and female animals showed a clearcut increase in KISS1 and GPR54 mRNA levels coinciding with the onset of puberty 20) . This phenomenon was later confirmed in primates, in which KISS1 and GPR54 mRNA expression increased less than threefold at the hypothalamus during the transition from the juvenile to the midpubertal stage of the female. Similarly, hypothalamic KISS1 mRNA levels were raised in male monkeys during puberty 28) . These initial studies suggested that there is an increase in kisspeptin signaling at the time of puberty (caused by enhanced expression of KISS1 and possibly GPR54), which could reasonably contribute to, or even drive, the activation of the gonadotropic axis that takes place during pubertal development.
This opinion was further supported by functional studies, conducted in animal, which confirmed the fundamental function of kisspeptins and GPR54 in the timing of puberty. Repeated administration of kisspeptin-10 to immature female rats was able to induce precocious vaginal opening and early activation of the gonadotropic axis 29) . Similarly, repetitive administration of kisspeptin-10 at the end of the juvenile phase of primate development elicited, in a precocious manner, a sustained train of GnRH discharges, similar to that found during puberty 24) . In human studies, it was demonstrated that serum kisspeptin level was significantly higher in girls with central precocious puberty than in their age-matched prepubertal controls 30, 31) . Altogether, these findings show that activation of GPR54 is sufficient to trigger the neuroendocrine events leading to puberty onset. However, the mechanisms by which hypothalamic kisspeptin plays as a switch for the onset of puberty seem to be multifaceted. By the use of electrophysiological studies and functional tests, Han el al. 32) demonstrated that responsiveness of GnRH neurons to kisspeptin is enhanced along postnatal maturation. Thus, while only 27% of GnRH neurons were activated by kisspeptin in juvenile mice, more than 90% of GnRH neurons were depolarized by kisspeptin in adult animals. Moreover, the sensitivity of the GnRH system to kisspeptin was dramatically enhanced in adult versus juvenile mice 32) . According to this work, activation of GnRH neurons at puberty may result from the combined increase in kisspeptin tone and enhancement of GPR54 signaling efficiency in GnRH neurons. This sophisticated mode of action illustrates the fundamental role of kisspeptins and GPR54 in normal pubertal development. It remains to be established, however, whether kisspeptin/GPR54 system is the trigger of mammalian puberty, or the ultimate effector of hierarchically higher regulatory factors.
Kisspeptins and the regulation of puberty by energy status
As indicated in previous sections, puberty onset is extremely sensitive to adequacy of nutrition and energy reserves of the organism. The neuroendocrine basis for such a phenomenon has begun to be unraveled recently, and is yet to be fully elucidated. While the roles of different peripheral hormones, such as leptin (adipose hormone signaling energy abundance) and ghrelin (gut-derived hormone signaling energy insufficiency) in the integrated control of energy balance and reproduction is now well established 6, 7) , the central circuits and signals relaying the state of energy stores onto the centers governing reproduction remain unclear. On the basis of their biological properties, kisspeptins were hypothesized as candidates for ultimately conveying metabolic cues (likely signaled via peripheral hormones) onto GnRH neurons at puberty.
To explore this hypothesis, studies on the expression and function of the kisspeptin/GPR54 system in conditions of energy insufficiency at puberty were conducted. These studies showed that short-term fasting induces a decrease in the expression of KISS1 mRNA and a concomitant increase in GPR54 mRNA at the hypothalamus of pubertal male and female rats. Moreover, LH responses to kisspeptin in vivo and GnRH responses in vitro were significantly augmented in fasting conditions. These findings suggest that a decrease in central KISS1 tone occurs at conditions of negative energy balance, which may in turn lead to inhibition of the gonadotropic axis 27) . More importantly, repeated administration of kisspeptin in a model of undernutrition of immature female rats, in which the decrease by 30% of daily food intake blunted normal pubertal development, was sufficient to restore vaginal opening (as external index of puberty) in a significant number of animals (60%), and induced robust gonadotropin and estrogen responses in all rats treated with kisspeptin 27) . Altogether, these findings demonstrate the close interaction between energy status and the hypothalamic KISS1 system, which may be a target for suppression of pubertal development and reproductive function in conditions of energy insufficiency.
Based on its prominent function in signaling the magnitude of fat reserves to reproductive centers, and its fundamental role in puberty onset, leptin was suspected to operate as a peripheral modulator of KISS1 neurons. Conclusive proofs for such a leptin-kisspeptin connection have just been reported, as more than 40% of KISS1 neurons have been demonstrated to express leptin receptors, leptin-deficient ob/ob mice were shown to have decreased KISS1 gene expression at the hypothalamus, and leptin treatment was able to partially rescue defective hypothalamic KISS1 mRNA levels in the ob/ob mouse 33) . These www.e-apem.org findings support that the mechanism through which leptin modulates puberty onset includes the regulation of KISS1 expression at the hypothalamus.
Conclusions
Recently, the emergence of kisspeptins and GPR54 as fundamental regulators of reproduction has been observed. Characterization of the reproductive facet of kisspeptin/ GPR54 system has allowed the definition of its fundamental role in the regulation of gonadotropin secretion. Kisspeptins are likely the most powerful elicitors of the GnRH-LH axis. More importantly, the hypothalamic KISS1 system appears to be provided with essential physiologic functions, since it operates as a central conduit for key peripheral regulators of the gonadotropic axis, such as gonadal steroids, which regulate the hypothalamic expression of the KISS1 gene in a nucleus-specific manner, in accordance with their role in negative and positive feedback loops 20, 33) . This also seems to be the case for metabolic hormones, such as leptin, whose modulation of GnRH function is likely conveyed through intermediate KISS1 neurons 34) . In the context of this review, the original contention that kisspeptins and GPR54 play an indispensable role in pubertal maturation 15) has now been fully confirmed by a combination of expression analyses and functional tests that have provided conclusive evidence for the enhancement of hypothalamic KISS1 expression and GPR54 signaling along puberty in rodent and primate species 20, 28, 32) . Moreover, these studies have demonstrated the ability of kisspeptins to precociously activate the gonadotropic axis in immature rats and monkeys 24, 29) , and to rescue puberty onset in conditions of negative energy balance 27) . Nevertheless, although its role as activator of GnRH secretion at puberty is now clear, it remains to be established whether kisspeptin is the primary trigger for puberty onset, or if it operates (in conjunction with other signals) as an ultimate effector of upstream regulatory factors.
Despite the rapid progress in the knowledge of their reproductive functions, several aspects of this new dimension of the physiology of kisspeptins remain to be fully characterized. Further characterization of the fundamental role of kisspeptins and GPR54 as gatekeepers of puberty onset and reproductive function are needed.
